Creep-rupture tests were made on circumferentially notched Ti-8Al-IMo-IV specimens at temp eratures of 600 , 800, 1000, and 1200 of (588, 699, 811, and 921 K) with stresses to produce rupture times ranging from 1 min to several thousand hours. A comp rehensive study was made to determine th e effe cts of notch geometry (an gle, depth, root radius ) on creep, rupture , and ductility characteristics of the alloy. Althou gh a limited first sta ge and well-defin ed second and third stages of creep were observed, neither rupture tim es nor reduction of area values were predictabl e from exte nsion-time behavior. Rupture tim e and ductility appea red to be affected more by the initial root radius at the ba se of th e notch than by notch depth. Diffe rences in mechanical behavi or between specimens of diffe rent notch geom etries were less as th e temperature was increased or th e stress decreased. A li mited number of tests indi cated that prior strain history had a ma rked effec t on subsequ ent creep-rupture behavior at 1000 of.
Introduction
Notch sensitivity of metalli c materials is one of the most important factors to be considered in the selection and use of metals in design of engineerin g components. Notches in metals may, in general, be cl assified as metallurgical (grain boundari es, precipita tes, la ttice defects, inclusions, etc.) or geometrical (screw threads, scratches, cracks, dents, etc. ). Research at the National Bureau of Standards has been directed towards evaluatin g th e factors influencin g the mechanical behavior of metals by usin g specimens whose notch geometery was known [1 , 2, and 3] .1 I The majority of the NBS data was obtained from short-, time tests at low or elevated temperatures. A number of other researchers have made experiments, designed to evaluate the notch sensiti vity of metals in elevated temperature creep -rupture tests, but these have been confined mainly to materials for use in specific products [4] . It is recognized that, at low temperatures, hexagonal c1ose-I packed (hcp) metals are less notch sensitive than body-'-centered cubic (bcc) metals. The phenomenon has been investi gated only to a limi ted extent at elevated temperatures with alloys in which the two structures (hcp and bcc) coexist [4. ,5] _ The purpose of the present research is to study the effects of notch geometry, temperature, and stress on creep behavior, rupture time, ductility, and microstructural chan ges of a titanium alloy, initially heat-" treated to produce an alpha (hcp) and beta (bcc) structure.
;:
1 Figures in bracke ts indicate the literature re fere nces at the end of this paper. 29 
Material, Specimens, and Experimental Procedures
The ex perimental program consisted of creep-rupture tests at 600, 800, 1000, a nd 1200 OF (588, 699, 811, and 921 K ) on notched cylindrical specimens of a duplexannealed Ti-8AI-1Mo-1V alloy. This alloy was selected for th e research as it is one of the candida te materials for aerospace applications in components used at intermedi ate tempera tures (up to 1000 OF ) . Furthermore, its shorttime tensile notch behavior a nd lon g-time creep properti es on unnotched cylindri cal specimens have been ex tensively investigated at the National Bureau of Standards [3, 6] .
Test specimens were prepared from bars obtained from the same heat of material as that used in the previous investigations. The chemical composition of the alloy is given in table 1. Longitudinal sections. Etched in a solution containing 3 ml lIF, 6 ml HN03. and 100 ml H20. A. X 100. B. X 500.
Bars were received in the hot·rolled and annealed condition and were cut into 6.S-in lengths before subsequent annealing at 1750 of (1226 K) for 1 hr, and air cooling. This was followed by a stabilizing anneal at 1050 OF (838 K) for 8 hr. This heat-treatment was used to cause the coexistence of alpha (hcp) and beta (bcc) structures 30 in the alloy as shown in figure L The light areas are alpha and the dark areas are beta.
Each of the specimens had a circumferential V-notch. The notch geometries and elastic stress concentration fac· /' tors [7] of the specimens are shown in 
where D = reduced diameter d = diameter at root of th e notch. b Elastic stress concentration factor is equal to the ratio of the maximum normal stress to the nominal normal stress. It is directly 1 proportional to the notch depth and inversely proportional to the notch angle and root radius.
:1
The numerical values for elastic concentration factors were derived from Pete rson [7] . Prior to testing, each crecp-rupture specimen was heated in a ir in a tube furnace to the desired temperaturc [ \ and equilibrated at temperature for 16 hr. It was tested . at this temperature under constant load in a multi-lever creep-rupture machine equipped with motorized jack to alleviate shock loading. The loading time was 1 to 2 min. Test temperatures were controlled to an accuracy of ± 2 of. Extension-time data were obtained from electric contact follow-up type extensometers attached to the >-shoulders of the specimens.
Metallog raphi c examinations were made on selected ruptured specimens to ascertain the effects of notch geometry, temperature, and rupture time on mi cro-and macrocracking and ch anges in microstructure. were constructed for all the specimens tested to complete fracture. It was observed that th e curves for the notched specimens had th e same general sha pe as those usually associated with creep of unnotched specimens. Each exhibited first stage (decreasin g creep rate) , second stage (constant rate) , and third s tage (increasing rate ) . The first sta ge is not evident in fi gures 2 and 3 as it lasted only a very short timc as compared to the total test time. As mi ght be expccted for tests run at the same temperature and stress, the to tal strain decreased with increase in notch depth and decrease in root radius. However, as indicated in figures 2 and 3, rupture times and reduction of area values could not be predicted from strain -time data.
Results and Discussion
A number of investigators [4) have predi cted that a linear relation exists between stress-rupture time, stresslog rupture time, or log stress-log rupture time. Data obtained in the present investigation were plotted in each manner, and linear relations were observed only over limited ranges of stresses at each temperature except 600 OF.
At this temperature, little or no creep was apparent even at stresses in excess of 95 percent of the short-time tensile strength. Difference in behavior may be due in part to (1) the relaxation of stress concentration at the root radius of thc notch as a result of plastic yielding, (2) time at temperature, (3) formation of a compound such as Ti3Al, or (4) the healing of internal voids. Stress-log rupture time curves for some of the Ti-8AI-1Mo-IV specimens are shown in figure 4 . In general, the relative positions of the curves are affected by notch geometry more at low temp eratures and hi gh stresses than at high temp eratures and low stresses. For example, at 1200 OF and very low stresses, notch geometry appeared to have no '--u.. effect on the stress-rupture time relations. At 800 OF, an inflection point must occur at stresses below those used in these tests or the stress could be zero for extremely long rupture times. Conversely, at 1200 OF, an inflection point must occur for stresses higher than those shown in figure  4 . At 1000 0 F, the inflection points are clearly shown, and the time of their occurrence appears to be affected by notch geometry. According to elastic theory, root radius has a more dominating influence on the stress concentration at the base of the notch than does the notch depth. The influence of each of these variables on rupture times at different stresses is shown in figures 5 and 6 for the present tests. Although no exact equivalence between notch depth and root radius could be established for the specimens (table  2) , each of these variables had a marked effect on the rupture behavior. The effect of each is more apparent at the low temperatures and high stresses than at the high temperatures and low stresses.
Engineering design curves, showing stress-temperature relations to produce rupture of the specimens in 1, 10, 100, and 1000 hr, are presented in figure 7 . Within the range of temperatures used in the tests, no inflection points are evident in the I-hr and 10-hr curves (figs. 7A and 7B). Obviously, these points must occur at higher value:; of temperature than those used in this investigation or the specimens would have to rupture in 1 or 10 hr at zero stress. As indicated in figures 7C and 7D, the 
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occurrence of these inAection points I S affected both by notch geometry and test time.
A number of "parametric" expressions have b een de· veloped to evaluate creep· rupture data for specifi c mao terials over wide ranges of stresses and tern pera tures [4] .
It was previously shown that creep data for the unnotched specimens of this Ti-8AI-IMo-1 V alloy [6] could be described by a sin gle curve. The time·tempera ture paramo eter used was derived by Larson and Mill er [8 ] . As shown in figure 8 for the present tests, a single curve can also describe stress."parameter" relations for each group of notched specimens; however, no sim ple translation was available to cause all the curves to coi ncide. The difference in the shape of these curves from those previously shown [6] is due to the fact th a t the stress values in fi gure 8 are plotted on a lo g instead of a lin ea r basis. Thi s method of analysis is recommended for compa rin g and storin g engi. neerin g data obtained over wide ranges of test conditions, even though the theoreti cal significance of the relations is suspect.
The relation between reduction of area values and rup· 34 ture·time is shown in figure 9 . Rupture time had little or no effect on ductility, as defin ed by reduction of area /" values, at 800 of (fi g. 9A), whereas a large effect was observed at 1000 and 1200 of (figs . 9B and 9C ) . AI· though, at the latter two temperatures, th e ductili ty appeared to incrcase with in crease in rupture time, inflec· ti on points and a reversal in one ductility· time curve relieved the stress at the root of the notch to such an extent that the rupture time was increased a bove tha t of the metal str ained at 800 of (c urves lOB and 10C ). This occurred even thou gh the amount of prestrainin g at 1200 of was greater than that at 800 of.
M etallography
Metallographic exami nations were made on a number of selected specimens after rupturin g in creep. Little or no difference in microstru cture from that observed in short· time tensile tests [ 3 ] was a pparent for specim ens tested at 600 or 800 of. This was not totall y un ex pected sin ce it was indicated, in fi gure 9 of th e present paper, J that the reduction of area values for specimcn s tested at 800 of were independent of rupture time. Photomicrographs of several specimens tested to rupture at 1000 and 1200 of are sho wn in fi gures 11 throu gh 14. Specimens, shown in fi gures 11 an d 12, were lightly etched to remove any surface effects due to metallographic preparation of the samples . At 1000 of, increasin g the root radius from O.Ql-in (figs. llA and lIB ) to 0.5-in (fi g. 12A ) tended to cause an increase in the number of internal cracks that did not link up to become a part of the main fracture surface. At 1200 of , however, no signi fi cant differences in the number of internal cracks were observed for the specimens even though the increase in elastic stress concentration factor (from 1.1 to 3.9) appeared to cause an increase in the tendency toward surface cracking (fi gs. llC and llD and 12B, 12C , and 12D ). Increasin g the tempcrature from 1000 to 1200 of increased the number and size of cracks in regions away from complete fracture. However, the relation be tween the I number or size of cracks a nd test time was different at \ 1000 from that at 1200 of. At 1000 of , tendency to form . 32   -, ~ -, ---,----,----,-----, ----,-----,---- t.. cracks i ncreased with increase in test time (fi gs. 11A and '. UB ) while at 1200 of the opposite was observed (fi gs.
l u e and llD ).
In order to find a solu tion to some of the anomalies , associatcd wi th the previous observations, a metalI or graphi c examin ation was made by deep-etchin g the speci--{ mens (fi gs. 13 a nd 14) , and attempts were made to relate changes in mi crostructure to changes in mechanical be· re llavior and fr act ure charac teristi cs of the alloy. Previously, , it h as been shown th at a t high temp era tures in short-time tensile tests [3] and in some creep tests made by Soltis ~ [9] on another simil ar alloy th at voids could b e initiated r a t alpha b oun daries in the vicinty of beta particles. In r;J addition, Scagle and Bartlo [101 h ave indicated th at an intermedi ate ordered ph ase (TigAl) can form in ti ta nium ;j'all oys conta inin g 5 percent or more of aluminum at tem-! peratures less tha n 1300 to 1500 of . They also showed ' I tha t elongation and short-time tensile strength increased with decrease in coolin g ra te. As shown in fi gure 13A for F a short-time creep-ru pture test, the mi crostru cture a p· peared to b e nearly unch anged from th e startin g ma terial (fi g. 1). Apparentl y, as the test time was increased, reo cove ry caused a weakenin g of the g rain bounda ries and a reducti on in the nu mber of beta particles located at the alpha grain bo undaries (fi gs. 13B a nd 14B ). Good d uctility, associated with these specimens, can be attrib uted to relief of stress by plasti c deform atio n a t the root of the notches. The presence of some bela and weakening of the grain boundaries could contribute to th e increase in the number of internal cracks, p reviously shown in fi gures 11 a nd 12, as the test time was increased . Microstructures of specimens tested at 1200 OF also indicated that the amount of beta decreased as the test time increased (fi gs. 13C and 13D and 14B, 14C, and 14D ) . Apparently, an additional reaction also occurs and results in the forma· tion of a new phase (possibly TigAl ) at this temperature. Th e relatiye amounts of this phase increased with increase in test time and with increase in root radius at the base of the no tch (fi gs. 13 and 14). Decrease in b eta and in· crease in the amoun t of thi s new constituent could con· tribute to increased ductility, a decrease in the number of i nternal cracks, and the prescnce of inflec tion points in the stress-tempera ture curves. Initial notch geometry.--60 o not c h angle. 50 percent not ch depth, and O.OI·in root radius. Lo n gitudi nal sectio ns nea r outer surface near fracture. Lightl y etched in a so luti on co ntaining 1.5 ml H F, 3.5 ml H l\0 3. a nd 95 mi H20. X 40. 
